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SECTION I

INTRODUCTION

The objective of this study was to investigate large mode volume
hole.coupled optical resonators for high power laser applications. The
work program was divided into six tasks with the following primary ob-
jectives.

Task 1 — To determine the usefulness of hole coupled resonators a
computer program was to be developed to calculate and plot the eigen-
values, the internal resonator fields, the far-field pattern of the
output beam, and the sensitivity of length misadjustment. Two specified
hole-coupled resonators were to be analyzed.

Task 2 - A computer program was to be created to opcinize the figure
of laser resonator mirrors such that the dominant resonator mode would
be the best fit, in a least squares sense to a desired, user specified,
mode. The test case would be a uniform amplitude and uniform phase
distribution over a circular aperture at the output plane of the resonator.
Once the mirror figures were found, the resonator was to be analyzed
using the tools developed in Task 1.

Task 3 - A study was to be made to determine the ratio of annular
to hole output coupling required to achteve good azimuthal mode discrim-
ination in a designated resonator configuration.

Task 4 = A study similar to that of Task 3 was to be conducted for a
resonator with holes in both mirrors.

Task 5 - An investigation was to be made of the possibility of using
conformal mapping techniques to transform circular geometries to rectan-
gular geometries where the resonator eigenmode calculations could be

expedited using the fast Fourier transform.

i i




Task 6 -~ The field fitting program of Task 2 was to be improved

and applied to various "desired" mode shapes while noting the effects

o s

on the azimuthal mode discrimination properties of the associated resonators.
The results of Tasks 1 through 5 are presented in Sections II

through VI, respectively. Since the results of Task 6 primarily yielded

improvements in the results of Task 2, they are included in Section III. ]
The capabilities of two computer programs developed during the i

4 contract period are described in Sections II and III. Details related

to the calculation methods used in the programs are contained in é

appendixes A and B.




SECTION II
TASK 1 - RESULTS

A. General Information

A computer program has been developed and used to analyze the eigen-
modes of several hole-coupled resonators. The program can compute and
plot: 1) the eigenvalues versus the outer resonator Fresnel number, 2)
the internal resonmator fields (magnitude and phase), and 3) the far-field
patterns of circular cylinderical resonators having mirrors of arbitrary
radial figure in the Freanel approximation.

The method of calculation used in the program is similar to that

described by Siegman and Miller in their article on the Prony method [1]%,
but with appropriate modifications to accommodate arbitrary radial mirror
figures. To dispense with the problem of the '"spurious" eigenvalues
which they described, the Prony calculation itself is iterated to insure
converged (or non-converged) solutions. The initial vector for each
Prony calculation after the first one is taken as the sum of the nor-
malized eigenvectors computed during the previous calculation. In cases
where convergence is not achieved after a specified number of iterations,
those eigenvalues and eigenfunctions are discarded. More specific details
concerning the method of calculation and computer programming are contained
in Appendix A.

Two hole-coupled resonators were identified by the Air Force project
officer [2] as test cases for analysis using the computer program. The
mirror profiles of these two resonators, designated HUR and HUR CC' are
depicted in Figure 1. The other two resonators shown in the same figure

are considered '"negative branch" versions of the first two. These four

resonators are confocal versions of a more general class of resonators

*Numbers in brackets indicate references.

3
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in which the mirrors are conic sections with arbitrary off-axis spherical

, curvature. These are "confocal” but not in the usual sense because the

E mirrors have focal rings rather than focal points. The radii of the

focal rings are designated D; and D) for mirrors 1 and 2, respectively.

* Both mirrors have an outer radius of A. Mirror 2 has a central output
aperture, or hole, of radius H. A magnification M = A/(A-H) is asso-~
ciated with the first two resonators, and a negative nngnificafion

M = A/(H-A) is associated with the "negative branch" configuratioms.

The computer program was used to plot the radial mode eigenvalues
versus the outer resonator Fresnel number N = AZI(BA) (B-mirror separa-
tion, A-wavelength) for various magnifications and azimuthal mode indices
£ (where azimuthal variation of the form exp (+ j%¢) has been assumed).
The program was also used to plot the internal resonator fields and the
far-field patterns for various Fresnel numbers. Representative plots

3 are shown and discussed in the following subsections.

B. Analysis of Resonator 1 - HUR

Figures 2 through 6 show the eigenvalue plots for resonator 1 of
Figure 1 for magnifications M = vZ, 5/3, 2, 3, and 8, respectively. The
eigenvalues intertwine in a slightly more complicated fashion than those
of the conventional unstable resonator (e.g., see reference 1). An even
more significant difference between the mode of this resonator and a conven-
tional unstable resonator is that only for very small Fresnel numbers
(N=1) is the 2=0 mode dominant. (The dominant mode at a gived Fresnel
number is the mode with the largest eigenvalue magnitude |y| or lowest
losses 1 - lylz.) For example, in comparing parts a, b, ¢, and d of Figure
2 for M = /E; the 2=0, 1, 2, and 3 azimuthal modes are dominant within
the approximate Fresnel number ranges 0-1.5, 1.5-5.5, 5.5-9.5, and 9.5-?,

respectively.
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Figure 7 shows the radial eigenmode of field plots for the lowest
order azimuthal mode =0, for M=2 and N=6. The eigenvalues for the three
radial modes can be found in Figure 4a at N=6. Figure 7a shows the
amplitude and phase of the three lowest loss radial modes in a plane
just after being reflected from mirror 1. Probably the most strikiag
feature is the rather sharp magnitude peak at the center of the mirror
(relative radial coordinate equal to zero). The phase of the lowest loss
radial mode decreases approximately 90° from the center of the mirror to
the outer edge (relative radial coordinate equal unity). The phase of the
next lowest loss mode on the other hand increases to approxinntely_90°
near the outer edge but then decreases to near zero at the edge. The
phase profile of the third lowest loss mode has even more variation.

Figure 7b shows the same fields except plotted in a plane just
incident on mirror 2. At this magnification the radius of the hole in
mirror 2 is one half the outer mirror radius. Since the fraction of
the field in the hole relative to that on the mirror increases for the
higher order radial modes it is easy to understand that the higher order
modes have more losses. Both the magnitude and the phase of the lowest
loss radial mode are fairly uniform-in the output hole which results
in the near "ideal" far-field beam profile shown in Figure 7c. For
comparison, the_far-field pattern corresponding to uniform illumination
of the hole with the same power as in the lowest order radial mode for
2=0 is also shown. Finally the integrated far-fie}d intensity associated
with the two far-field plots of Figure 7c are shogn in Figure 7d. Out to
the half-power beam width, the two plots are virtually identical. The

fact that there is slightly more power within a given beam angle larger
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than the beam width for the non-uniformally illuminated aperture relative
to the uniforqlllybilluninated aperture is probably not too significant,
since the power is reduced there.

Figures 8,9, and 10 show the fields for the same conditions as
Figure 7 for the azimuthal mode indices £ = 1, 2, and 3. For these
higher order azimuthal modes, the field is zero on the axis. Also, it
can be seen that the fields tend to "move" radially outward for increasing
azimuthal mode index. In comparing the field magnitude profiles at
mirror 2 for the 2=0 and 2£=3 dominant radial modes (Figure 7b and 10b),
it is understandable that the 2=3 mode has less loss than the 2=0
mode since there is relatively little field in the hole for the £=3 mode.

For all the magnifications considered, the 2=0 modes were dominant
only at very small Fresnel numbers. Increasing the size of the hole
from zero apparently increases the losses more rapidly for the 2£=0 mode
than the higher order azimuthal modes. Thus, to obtain any significant
power output from this type resonator in the 2=0 mode will require that
some method be devised which would discriminate against the higher order

azimuthal modes.

C. Analysis of Resonator 2 - HUR CC

Figure 11 shows the eigenvalues for the four lowest order azimuthal
modes for resonator 2 of Figure 1 with Mfz. Only for Fresnel numbers less
than 0.5 is the =0 mode dominant. The computer program has considerable
difficulties in achieving converged solutions for Fresnel :umbers greater
than N=6. A clue to the difficulty can be obtained by examining the
complex field structure for the 2=0 and %=1 modes in Figures 12 and 13

at N=4, The large number of grid points required to delineate these
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Figure 9a Radial mode profiles reflected from mirror 1 of
HUR for M= 2, L = 2, N=§
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